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(54) RAMAN AMPLIFICATION SYSTEM AND OPTICAL SIGNAL TRANSMISSION METHOD USING 
THE SAME 



(57) First pump light for Raman -amplifying optical 
signal is inputted to the output end of the optical signal, 
and second pump light used for Raman-amplifying the 
first pump light and having a wavelength shorter than 
that of the first pump light is inputted to the input end of 
the optical signal. The second pump light is also input- 
ted to the output end of the optical signal. The first pump 
light is also inputted to the input end of the optical sig- 
nal. The Raman amplification band of the second pump 
light is made not to be overlapped with that of the optical 
signal. The wavelength of the second pump light is 



OPTICAL SIGNAL 
Am 



shorter than that of the first pump light by the Raman 
shift of the amplifier fiber. The light source of either the 
first or second pump light or both the light sources of 
them are multiplex optical sources. The first pump light 
is emitted from a semiconductor laser. Third pump light 
for Raman-amplifying the second pump light is directed 
to an optical transmission line. The optical signal is 
transmitted through a transmission line using the 
Raman amplification method. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a Raman 
amplification method used in optical communication 
system and an optical transmission method using such 
a method. 

Related Background Art 

[0002] A frequency component (wavelength com- 
ponent) of an optical signal intensity of which is modu- 
lated and which has been used in existing optical 
communication system has a certain width. On the 
other hand, an optical fiber has a dispersion property 
that a propagating speed is changed depending upon a 
wavelength. Due to these two properties, -when the opti- 
cal signal is propagated through the optical fiber, a sig- 
nal wave form is distorted because of difference in 
propagating speed between the wavelength compo- 
nents. When a pulse is inputted as the optical signal, 
since a pulse width is widened after propagation, this 
phenomenon is called as "pulse broadening due to dis- 
persion" (for example, refer to Foundation Of Optical 
Waveguide written by Katsunari Okamoto and pub- 
lished From Corona Co.). 

[0003] Although digital format is resistant to the 
change of wave form than analog format, error in detec- 
tion is considerably increased if the overlap with adja- 
cent bits become greater due to pulse broadening. To 
avoid this, in the prior arts, a wavelength having smaller 
(near zero) dispersion has been used to suppress the 
pulse broadening or spread pulse has been returned to 
the original form by delaying the wavelength component 
preceding through medium having dispersion opposite 
to that of the transmission line and by hastening the 
delayed wavelength component. 

[0004] However, in the recent optical communica- 
tion system, due to high output of the optical signal and 
multiplexing of the wavelength, a non-iinear phenome- 
non within the optical fiber has become noticeable and 
distortion of the wave form could not be coped with only 
in the view point of dispersion. Main non-linear phenom- 
ena in question include self phase modulation (SPM), 
cross phase modulation (XPM) and four wave mixing 
(FWM). In SPM and XPM, phase of light is changed by 
a little change in refractive index of the optical fiber 
caused in accordance with light intensity. Since the 
change in phase causes instantaneous change in fre- 
quency and the changed amount is not constant, non- 
reversible wave form distortion is generated by the dis- 
persion property of the optical fiber. The FWM is a phe- 
nomenon in which, when a polarization field is induced 
by plural inputted lights having different frequency, com- 
ponents different from the frequencies of the inputted 



lights are created, thereby generating light having new 
frequency. The FWM becomes noticeable particularly 
when the dispersion is near zero. If the light generated 
by the FWM coincides with the wavelength used as the 

5 signal, the error in detection will be increased. 

[0005] As means for preventing deterioration of the 
transmission property based on such non-linearity of 
the optical fiber, there are two approaches. First 
approach is a method for reducing light intensity within 

10 the optical fiber to decrease the non-linear effect, and a 
second approach is a method for using a transmission 
method utilizing the non-linear effect. The former 
method can be realized by merely lowering an input 
level to the optical fiber or by utilizing an optical fiber 

15 having a large mode field diameter. The latter method 
can be realized by utilizing optical soliton. However, 
even when these methods are used, there remain the 
following problems. 

[0006] If the input level to the optical fiber is low- 
20 ered, since a signal/noise ratio (S/N ratio) at a receiving 
side is decreased, the error in detection will be 
increased. This can be interpreted so that a transmitta- c 
ble distance becomes shorter. Since the optical fiber 
having the large mode field diameter has a large disper- 
25 sion slope (wavelength dependency of dispersion), it is 
difficult to set optimum dispersion with respect to all of 
channels in which the wavelengths are multiplexed. In 
the optical soliton communication system, due to pertur- 
bation (such as transmission loss or unevenness of dis- 
30 pension) existing in the actual transmission line, 
dispersive wave out of the soliton condition are gener- 
ated, which deteriorate the transmission property. As 
mentioned above, although the existing optical commu- 
nication systems must be designed in careful consider- 
as ation of several limitation factors, if there is no loss in the 
optical fiber as the optical transmission line, such limita- 
tions will be greatly relaxed. For example, in the trans- 
mission line having no loss, since there is no 
deterioration of the S/N ratio based on the propagation 
40 loss, the limitation factors caused by lowering the input 
level to the optical fiber are relaxed. Further, when the 
transmission line having no loss is applied to the optical 
soliton system, generation of the dispersive wave is 
greatly reduced. As one of conventional optical trans- 
45 mission lines most approaching to the transmission line 
having no loss, there is an optical transmission line in 
which loss is compensated by a Raman amplification. 
[0007] A Raman amplification method utilizing 
Raman scattering of an optical fiber has advantages 
so that the optical transmission line itself becomes an 
amplifier fiber and that any wavelength band can be 
amplified. In case of a silica-based optical fiber, peak of 
gain is generated at a long wavelength side greater than 
a wavelength of a pump light, i.e., in a frequency band 
55 having smaller frequency (than that of pump light) by 
about 13 THz. For example, 13 THz is a difference 
between wavelengths of 1450 nm and 1547 nm. Wave- 
length difference or frequency difference between the 
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pump light and the gain peak is called as "Raman shift" 
which is a value depending upon composition of the 
optical fiber. 

[0008] In general, in the Raman amplification 
method for communication, as shown in Fig. 21 , a back- 
ward pumping scheme in which the pump light and the 
optical signal are propagated in opposite directions is 
adopted. Since a mechanism for generating Raman 
gain is operated at very high speed, in a forward pump- 
ing scheme in which the pump light and the optical sig- 
nal are propagated in the same directions, fluctuation of 
intensity of the pump light is overlapped with the signal 
wave form as it is, with the result that the transmission 
property is deteriorated greatly. This is also described in 
Japanese Patent Application Laid-open No. 9-318981. 
[0009] Figs. 22 to 27 show general properties of 
intensity distribution of the pump light and optical signal 
along a longitudinal direction within the amplifier fiber of 
the Raman amplification method utilizing the conven- 
tional backward pumping scheme (regarding calculating 
methods, refer to "Nonlinear Fiber Optics", Chap. 8, 
written by G.R Agrawal and published from Academic 
Press, "Applied Optics". Vol. 1 1 , pp. 2489-2494, written 
by R.G. Smith and published in 1972, and "J. Quantum 
Electron", Vol. QE-14, pp. 347-352, written by J. Auye- 
ung and A. Yariv and published in 1978). 
[0010] As Raman amplifiers utilizing the Raman 
amplification method, there are a distributed type in 
which the optical transmission line is used as the ampli- 
fier fiber, and a lumped type in which the amplifier fiber 
is provided independently from the optical transmission 
line. In the following explanation, the distributed type will 
be described. However, also in the lumped type, since 
performance of the optical signal and pump light in the 
amplifier fiber can be expressed by the same formula, 
the same effect can be achieved, although parameter 
values are different 

[0011] Fig. 22 is a graph showing change in pump 
light power and change in optical signal power. In this 
graph, a curve a indicates the optical signal power when 
incident power of the pump light is 100 mW (curve ©). 
a curve b indicates the opticaJ signal power when inci- 
dent power of the pump light is 200 mW (curve @), and 
a curve c indicates the optical signal power when inci- 
dent power of the pump light is 300 mW (curve (§». In 
the graph, a curve d indicates the optical signal power 
when the pump light is not inputted. As apparent from 
the curve d in the graph, when the pump light is not 
inputted, the optical signal power is attenuated in pro- 
portion to a propagating distance. When the pump light 
having attenuation constant of 0.25 dB/km is inputted, 
the Raman amplification is generated, thereby increas- 
ing the optical signal power. An increased amount of 
power is Raman gain. As apparent from a relationship 
between the curves © to ® and the curves a to c in the 
graph shown in Fig. 22, the magnitude of the Raman 
gain is substantially in proportion to the incident power 
of the pump light. Since the pump light is also attenu- 



ated in proportion to the propagating distance, in the 
vicinity of a signal input end, intensity of the pump light 
becomes small, and, thus, the Raman gain is also 
small. Accordingly, the optical signal is attenuated at 

5 positions near the input end, and, it is subjected to great 
gain in the vicinity of an output end (end on which the 
pump light is inputted: in this example, position spaced 
apart from the input end by 50 km). If the intensity of the 
optical signal is sufficiently small, since the attenuation 

10 of the pump light depends upon the propagation loss, 
the intensity distribution of the pump light along the lon- 
gitudinal direction is determined reasonably by the 
attenuation constant of the amplifier fiber. The distribu- 
tion of the Raman gain along the longitudinal direction 

75 (intensity distribution of the optical signal along the lon- 
gitudinal direction) is determined in accordance with the 
intensity distribution of the pump light along the longitu- 
dinal direction. 

[0012] Fig. 23 is a graph showing the optical signal 
20 power in a case where attenuation constant a s of the 
optical signal is changed when the incident power of the 
pump light is constant and attenuation constant r**p 
thereof is also constant (0.25 dB/km). A curve © in this 
graph indicates a case where the attenuation constant a 
25 s is 0.3 dB/km, a curve © indicates a case where the 
attenuation constant a s is 0.25 dB/km, and a curve ® 
indicates a case where the attenuation constant a s is 
0.2 dB/km. As apparent from the graph shown in Fig. 
23, the intensity distribution of the optical signal along 
30 the longitudinal direction within the optical transmission 
line is varied with the attenuation constant a s of the 
optical signal. 

[0013] Fig. 24 is a graph showing change in optical 
signal power in a case where attenuation constant a p 
35 of the pump light is changed when the incident power of 
the pump fight is constant and the attenuation constant 
a s of the optical signal is constant. A curve a in this 
graph indicates the optical signal power when the atten- 
uation constant a p of the pump light is 0.3 dB/km 
40 (curve ® ), a curve b indicates the optical signal power 
when the attenuation constant a p is 0.25 dB/km (curve 
©), and a curve c indicates the optical signal power 
when the attenuation constant a p is .0.2 dB/km (curve 
(§)). As apparent from the graph shown in Fig. 24, when 
45 the attenuation constant a p of the pump light is 
changed, since the intensity distribution of the pump 
light along the longitudinal direction within the optical 
transmission line is different, the intensity distribution of 
the optical signal in the same direction is changed. 
50 [0014] Fig. 25 is a graph showing a relationship 
between the pump light power and the optical signal 
power when a length of the amplifier fiber is changed. In 
this case, the incident power of the pump light is con- 
stant and the attenuation constants of the optical signal 
55 and the pump light are selected to be the same. From 
this graph, it can be found that, when the length of the 
amplifier fiber is changed, since the intensity distribution 
of the pump light along the longitudinal direction within 
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the optical fiber is different, the intensity distribution of 
the optical signal in the same direction is also changed. 
In the graph shown in Fig. 25, curves © to © indicate 
the pump light powers when the length of the amplifier 
fiber is 1 0 km, 20 km, 30 km, 40 km and 50 km, respec- 
tively, and curves a to e indicate the optical signals pow- 
ers when the length of the amplifier fiber is 10 km, 20 
km, 30 km, 40 km and 50 km, respectively. 
[0015] Fig. 26 is a graph showing change in optical 
signal power when the incident power of the pump light 
is constant and the attenuation constants of the optical 
signal and pump light are the same and Raman gain 
coefficient g R of the optical signal is different. In this 
graph, a curve a indicates the optical signal power when 
the gain coefficient g R is 1 /3 x 1 0" 13 m/W, a curve b indi- 
cates the optical signal power when the gain coefficient 
g R is 2/3 x 1 0* 13 m/W, and a curve c indicates the optica! 
signal power when the gain coefficient g R is 1 x 10" 13 
m/W. As apparent from this graph, when the magnitude 
of the Raman gain coefficient g R is changed, the magni- 
tude of the Raman gain generated is changed, and the 
intensity distribution of the optical signal along the longi- 
tudinal direction within the optical transmission line is 
changed. 

[0016] Fig. 27 is a graph showing change in optical 
signal power when the forward pumping is effected by 
the pump light having the constant incident power and 
when the backward pumping is effected. In this graph, a 
curve a indicates the optical signal power in the forward 
pumping, and a curve b indicates the optical signal 
power in the backward pumping. The value g R shown 
here is a value when the pumping wavelength is 1um 
As apparent from this graph, if the pumping scheme is 
different, since the intensity distribution of the pump 
light along the longitudinal direction within the optical 
transmission line is different, the distribution of the 
Raman gain generated is changed, and the distribution 
of the optical signal is also changed. Incidentally, in the 
graph, a curve © indicates power in the forward pump- 
ing and a curve 0 indicates power in the backward 
pumping. 

[0017] As general performance of a noise property 
of the transmission system using the optical amplifier, 
the fact that the noise property is greatly deteriorated by 
signal loss before the optical amplification. Thus, as is in 
the optical amplifier, when the amplifying effect has dis- 
tribution along the longitudinal direction of the optical 
fiber, the noise property is deteriorated by loss at a posi- 
tion near the input end of the amplifier. On the other 
hand, in case of the backward pumping scheme, since 
the intensity of the pump light becomes smaller at the 
input end of the optical signal due to the propagation 
loss of the amplification optical fiber, the amplifying 
action at the input end of the optical signal also 
becomes small. Accordingly, in the backward pumping 
scheme, the loss at the input end of the optical signal 
becomes relatively great, which may deteriorate the 
noise property of the amplifier. Thus, in order to con- 



struct a Raman amplifier having good noise property, it 
was conventional or customary to use an optical fiber 
having small loss (with respect to both optical signal and 
pump light) as small as possible and to use an optical 

5 fiber having short length as short as possible. 

[0018] On the other hand, in case of the Raman 
amplifier of distributed type in which the optical trans- 
mission line is used as the amplifier fiber, a high S/N 
ratio must be maintained while suppressing the non-lin- 

w ear effect in the optical transmission line. To this end, it 
is ideal to obtain a condition of a non-loss transmission 
line in which a level of the optical signal along the longi- 
tudinal direction within the optical transmission line 
becomes constant, and, in this case, it is desirable that 

15 intensity of the pump light also becomes constant along 
the longitudinal direction of the optical transmission line. 
However, in the prior art, a distance by which this can be 
achieved was relatively short and such a distance was 
determined reasonably by parameters (fiber length, 

20 gain coefficient, attenuation constants of the pump light 
and optical signal) of the optical fiber constituting the 
optical transmission line. The reason is that the distribu- c 
tion of the pump light along the longitudinal direction of 
the optical transmission line could not be controlled. 

25 

SUMMARY OF THE INVENTION 

[0019] An object of the present invention is to pro- 
vide a Raman amplification method capable of improv- 

30 ing a noise property of an amplifier by controlling 
intensity distribution of pump light along a longitudinal 
direction of an optical transmission line and capable of 
realizing a condition nearer to a non-loss transmission 
line than conventional Raman amplification methods, 

35 and an optical signal transmission method utilizing such 
an amplifying method. 

[0020] According to a first aspect of the present 
invention, there is provided a Raman amplification 
method utilizing Raman scattering within an optical fiber 

40 and in which first pump light for Raman-amplifying opti- 
cal signal is inputted from a optical signal output end of 
an amplifier fiber and second pump light having a wave- 
length shorter than that of the first pump light and 
adapted to Raman-amplify the first pump light is input- 

45 ted from an optical signal input end of the optical fiber. 
[0021] According to a second aspect of the present 
invention, in the above-mentioned Raman amplification 
method, the second pump light is also inputted from the 
optical signal output end of the amplifying fiber. 

so [0022] According to a third aspect of the present 
invention, in the above-mentioned Raman amplification 
method, the first pump light is also inputted from the 
optical signal input end of the amplifier fiber. 
[0023] According to fourth to ninth aspects of the 

55 present invention, in any one of the above-mentioned 
Raman amplification methods, the following features 
are incorporated. That is to say, in a Raman amplifica- 
tion method according to the fourth aspect, the second 
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pump light has a wavelength shorter than a wavelength 
of the first pump light by an amount corresponding to 
Raman shift of the amplifier fiber. 
[0024] In a Raman amplification method according 
to the fifth aspect, a Raman amplifying band of the sec- s 
ond pump light is not overlapped with a wavelength 
band of the optical signal. 

[0025] In a Raman amplification method according 
to the sixth aspect, a wavelength of the second pump 
light is slightly deviated from a wavelength shorter than w 
a wavelength of the first pump light by an amount corre- 
sponding to Raman shift of the amplifier fiber. 
[0026] In a Raman amplification method according 
to the seventh aspect, one or both of the first and sec- 
ond pump lights is used as a wavelength division mufti- is 
plexing pump source constituted by a plurality of 
wavelengths. 

[0027] In a Raman amplification method according 
to the eighth aspect, a semiconductor laser is used for 
the first pump light. 20 
[0028] In a Raman amplification method according 
to the ninth aspect, third pump light is introduced into 
the optical transmission line to Raman-amplify the sec- 
ond pump light. 

[0029] The present invention further provides a 25 
method for propagating the optical signal while main- 
taining a level of the optical signal to substantially con- 
stant in a longitudinal direction of the optical 
transmission line by using any one of the above-men- 
tioned Raman amplification methods. The present 30 
invention still further provides an optical signal transmis- 
sion method in which a soliton signal wavelength of 
which is multiplexed is used as the optical signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 35 

[0030] 

Rg. 1 is an explanatory view showing a Raman 
amplification method according to a first embodi- 40 
ment of the present invention; 
Fig. 2 is a view showing comparison result of inten- 
sity distributions of first pump light along a longitudi- 
nal direction of an optical fiber between a case 
where second pump light is inputted and a case 45 
where the second pump light is not inputted in the 
Raman amplification method shown in Fig. 1; 
Fig. 3 is a view showing comparison result of inten- 
sity distributions of optical signal along a longitudi- 
nal direction of an optical fiber between a case so 
where the second pump light is inputted and a case 
where the second pump light is not inputted in the 
Raman amplification method shown in Rg. 1; 
Rg. 4 is a view showing comparison result of the 
intensity distributions of the first pump light along ss 
the longitudinal direction of the optical fiber 
between a case where the second pump light is 
inputted from a optical signal input end and a case 
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where the second pump light is inputted from an 
optical signal output end in the Raman amplification 
method shown in Rg. 1 ; 

Rg. 5 is a view showing comparison result of the 
intensity distributions of optical signal along the lon- 
gitudinal direction of the optical fiber between a 
case where the second pump light is inputted from 
the optical signal input end and a case where the 
second pump light is inputted from the optical signal 
output end in the Raman amplification method 
shown in Fig. 1 ; 

Rg. 6 is a view showing change in optical signal 
when a combination of the first and second pump 
lights is changed under a condition that gain of the 
signal is constant in the Raman amplification 
method shown in Fig. 1; 

Rg. 7 is an explanatory view showing a Raman 

amplification method according to a second 

embodiment of the present invention; 

Rg. 8 is a view showing intensity distribution of the 

optical signal in the Raman amplification methods 

shown in Figs. 1 and 7 and in a conventional 

Raman amplification method; 

Rg. 9 is a view showing pump power required for 

making minimum levels of the optical signals equal 

in the Raman amplification methods shown in Figs. 

1 and 7. 

Rg. 1 0 is a view showing the intensity distribution of 
the optical signal when wavelength intervals of the 
first and second pump lights are differentiated 
under a condition that input and output levels and 
minimum level of the optical signal become equal in 
the Raman amplification method shown in Rg. 1; 
Rg. 1 1 is a comparison view showing the intensity 
distribution of the first pump light along the longitu- 
dinal direction of the optical fiber under the same 
condition as that of Fig. 1 0; 

Rg. 12 is an explanatory view showing a Raman 
amplification method according to a third embodi- 
ment of the present invention; 
Rg. 13 is a view showing a conventional Raman 
amplification method nearest to the Raman amplifi- 
cation method shown in Fig. 12; 
Rg. 14 is a view showing intensity distribution of 
optical signal along a longitudinal direction of an 
optical fiber; 

Rg. 15 is a view showing intensity distribution of 
first pump light along the longitudinal direction of 
the optical fiber under the same condition as Fig. 
14; 

Rg. 16 is a view showing difference in relay dis- 
tance when level variation widths of optical signals 
are set to be substantially the same; 
Rg. 17 is an explanatory view showing a Raman 
amplification method according to a fifth embodi- 
ment of the present invention; 
Rg. 1 8 is a view showing the fact that gain received 
by one of first pump lights having multiplexed wave- 
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lengths can be made greater than gain received by 
the other pump light by appropriately selecting a 
wavelength of second pump light; 
Fig. 1 9 is a view showing an example of gain shape 
with respect to a wavelength band of the first pump 
light when a wavelength division multiplexing pump 
source is used for the second pump light; 
Fig. 20 is a schematic view of a wavelength division 
multiplexing soliton communication system using 
an optical transmission line to which the Raman 
amplification method shown in Fig. 12 is applied; 
Fig. 21 is an explanatory view showing a conven- 
tional Raman amplification method; 
Fig. 22 is a view showing change in optical signal 
power when pump light is not inputted and when 
the pump light is inputted in the conventional 
Raman amplification method and when incident 
power of the pump light is changed; 
Fig. 23 is a view showing change in optical signal 
power depending upon change in attenuation con- 
stant of the optical signal in the conventional 
Raman amplification method; 
Fig. 24 is a view showing change in pump light and 
optical signal depending upon change in attenua- 
tion constant of the pump light in the conventional 
Raman amplification method; 
Fig. 25 is a view showing intensity distributions of 
the pump light and the optical signal when a length 
of an amplifier fiber is changed in the conventional 
Raman amplification method; 
Fig. 26 is a view showing change in optical signal 
when Raman gain coefficient is changed in the con- 
ventional Raman amplification method; and 
Rg. 27 is an explanatory view showing intensity dis- 
tributions of the pump light and the optical signal 
upon forward pumping and backward pumping in 
the conventional Raman amplification method. 

BEST MODE FOR CARRYING OUT THE INVENTION 

(First embodiment) 

[0031] A Raman amplification method according to 
a first embodiment of the present invention will now be 
fully explained with reference to Fig. 1 . An optical fiber 1 
shown in Fig. 1 is an optical fiber of any type which con- 
stitutes an optical transmission line or an optical ampli- 
fier of lumped type and may include, for example, SMR 
DSF, NZ-DSF, LEAF, RDF, dispersion compensating 
fiber and non-linear device fiber. In an optical communi- 
cation system using the optical fiber 1 , when optical sig- 
nal (having a wavelength of X s ) is propagated through 
the optical fiber 1 , first pump light (having a wavelength 
of A. P1 ) is inputted from an optical signal output end 2 
and second pump light (having a wavelength of X pg) is 
inputted from an optical signal input end 3. As a result, 
both the first and second pump lights are existed in the 
optical fiber 1, and the first pump light is amplified by 



Raman amplification of the second pump light, and light 
intensity of the first pump light in the vicinity of the opti- 
cal signal input end 3 becomes greater than that when 
there is no second pump light. Accordingly, deteriora- 

5 tion of an S/N ratio based on propagation loss at the 
optical signal input end 3 is relaxed, thereby improving 
a noise property of the transmission method. Further, 
since the second pump light is inputted from the input 
end 3, light intensity of the second pump light in the 

io vicinity of the optical signal input end 3 becomes greater 
in comparison with the case where the second pump 
light is inputted from the optical signal output end 2, with 
the result that gain of the first pump light received from 
the second pump light in the vicinity of the optical signal 

75 input end 3 can be increased efficiently, thereby improv- 
ing the noise property of the Raman amplifier efficiently. 
[0032] In the illustrated embodiment, the wave- 
length X p2 of the second pump light is selected to be 
shorter than the wavelength X P1 of the first pump light 

20 by an amount corresponding to Raman shift of the opti- 
cal fiber 1 (amplifier fiber 1). When these wavelengths 
have such a relationship, the first pump light is sub- * 
jected to Raman amplification by the second pump light 
most efficiently. However, so long as the wavelength X 

25 p2 of the second pump light is shorter than the wave- 
length X P1 of the first pump light, since the amplification 
can be achieved, it is not necessarily limited that the 
wavelength X P2 of the second pump light is shorter than 
the wavelength X P1 of the first pump light by the amount 

30 corresponding to the Raman shift of the amplifierfiber 1 . 
For example, the second pump light may have a wave- 
length slightly deviated from a wavelength shorter than 
the wavelength X P1 of the first pump light by the amount 
corresponding to the Raman shift of the amplifierfiber 1 . 

35 If slightly deviated in this way, gain coefficient of Raman 
gain of the first pump light received from the second 
pump light can be reduced voluntarily. For example, if 
the wavelength is deviated from the wavelength shorter 
by the amount corresponding to the Raman shift by 

40 about 20 to 30 nm, the gain coefficient is reduced to 
about a half. This can be used as control means for con- 
trolling intensity distribution of the first pump light along 
a longitudinal direction of the amplifier fiber 1 and can 
be utilized to optimize the noise property when input 

45 and output levels of the amplifier are designated. 

[0033] As explained in connection with the prior art, 
in the forward pumping scheme in which the pump light 
and the optical signal are propagated in the same direc- 
tion, the unevenness of intensity of the pump light is 

so overlapped with the signal wave form as it is, with the 
result that the transmission property is deteriorated 
greatly. Thus, it is desirable that the pump light generat- 
ing the Raman gain be propagated in the direction 
opposite to that of the optical signal. Thus, in the illus- 

55 trated embodiment, the first pump light is inputted from 
the optical signal output end 2 (from the direction oppo- 
site to that of the optical signal), thereby suppressing 
the deterioration of the transmission property. 
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[0034] As is in the illustrated embodiment when the 
second pump light is propagated in the same direction 
as that of the optical signal, if the gain band is over- 
lapped with the gain band of the optical signal, the une- 
ven n ess of intensity of the pump light is overlapped with 5 
the signal wave form as it is, with the result that the 
transmission property is deteriorated greatly. To avoid 
this, in the illustrated embodiment, it is designed so that 
the gain bands of the second pump light and the optical 
signal which are propagated in the same direction are 
not overlapped with each other thereby to suppress the 
deterioration of the transmission property. For example, 
the wavelength of the second pump light may be spaced 
apart from the wavelength of the optica! signal by about 
20 THz. 

[0035] In the transmission system using the optical 
amplifier, it is known that the noise property is greatly 
deteriorated if the optical signal is subjected to loss 
greater than an amplified amount after amplification of 
the optical signal, similar to a case where the optical sig- 
nal is subjected to loss before amplification of the opti- 
cal signal (refer to "Optical Amplifier and Its 
Applications", p 26, written by Ishio et al and published 
from Ohm Co.). Accordingly, when the amplifier fiber is 
relatively long as is in the Raman amplifier, in the view 
point of the noise property, it is desirable that the level of 
the optical signal within the optical fiber maintained as 
high as possible. As is in multi-stage relay effected by 
an amplifier of distributed type, when the input and out- 
put levels of the optical signal are substantially the 
same, it is desirable that the level of the optical signal 
through the entire optical transmission line be maini- 
tained to be substantially the same or greater than the 
input and output levels. For example, as described in 
"Nonlinear Fiber Optics", Chap. 8, written by G.R 
Agrawal and published from Academic Press, since dif- 
ferential coefficient of the intensity of the optical signal 
in the propagating direction is expressed by the follow- 
ing equation (1), when the gain coefficient (g^) of the 
amplifier fiber and the loss coefficient (a attenuation 
constant of optical signal) are given, the intensity of the 
pump light for making the differential coefficient of the 
intensity of the optical signal in the propagating direction 
"zero" can be sought as I p = a s /g R . Accordingly, if 
the intensity of the pump light is smaller than a s^9r» the 
optical signal is attenuated as it is propagated, whereas, 
if the intensity of the pump light is greater than a s/gR, 
the optical signal is increased as it is propagated. Thus, 
although it is ideal that the intensity of the pump light is 
a s/g R at all positions in the optical transmission line, in 
actual, it is practical that the intensity is fallen within a 
certain range near a s/9r- By doing so. the level of the 
optical signal along the longitudinal direction of the opti- 
cal transmission line can be maintained to substantially 
constant, thereby obtaining good noise property. 

dl s /dz = (g R l p -a s )l s (1) 



[0036] Fig. 2 is a graph showing comparison result 
of the intensity distributions of the first pump light along 
the longitudinal direction of the optical fiber 1 between a 
case where the second pump light is inputted and a 
case where the second pump light is not inputted in the 
Raman amplification method according to the first 
embodiment. From this graph, it can be seen that, when 
the second pump light is not inputted, the intensity dis- 
tribution of the first pump light is attenuated in an expo- 
nential function manner by the propagation loss of the 
optical fiber, whereas, when the second pump light is 
inputted, since the first pump light is amplified, the inten- 
sity of the first pump light is increased at the optical sig- 
nal input end. 

[0037] Fig. 3 is a graph showing comparison result 
of the intensity distributions of the optical signal along 
the longitudinal direction of the optical fiber 1 between a 
case where the second pump light is inputted and a 
case where the second pump light is not inputted in the 
Raman amplification method according to the first 
embodiment From this graph, it can be guessed that 
the intensity of the optical signal in the vicinity of trie 
optical signal input end when the second pump light 
exists is greater than when the second pump light does 
not exist, thereby improving the noise property. 
[0038] Fig. 4 is a graph showing comparison result 
of the intensity distributions of the first pump light along 
the longitudinal direction of the optical fiber 1 between a 
case where the second pump light is inputted from the 
optical signal input end ("3" in Fig. 1) and a case where 
the second pump light is inputted from the optical signal 
output end ("2" in Fig. 1) in the Raman amplification 
method according to the first embodiment. From this 
graph, it can be seen that, since the intensity of the sec- 
ond pump light in the vicinity of the input end 3 can be 
increased greater when the second pump light is input- 
ted from the optical signal input end 3 than when the 
second pump light is inputted from the optical signal 
output end 2, the gain of the first pump light received 
from the second pump light in the vicinity of the input 
end 3 becomes great, thereby increasing the intensity of 
the first pump light 

[0039] Fig. 5 is a graph showing comparison result 
of the intensity distributions of the optical signal along 
the longitudinal direction of the optical fiber 1 between a 
case where the second pump light is inputted from the 
optical signal input end ("3" in Fig. 1 ) and a case where 
the second pump tight is inputted from the optical signal 
output end ("2" in Fig. 1) in the Raman amplification 
method according to the first embodiment. From this 
graph, it can be guessed that the intensity of the optical 
signal in the vicinity of the optical signal input end 3 
when the second pump light is inputted from the input 
end 3 is greater than when the second pump light is 
inputted from the output end 2, thereby improving the 
noise property. 

[0040] Fig. 6 is a graph showing change in optical 
signal power when a combination of incident powers of 
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the first and second pump lights is changed under a 
condition that the gain of the optical signal is constant in 
the Raman amplification method according to the first 
embodiment. In the graph shown in Fig. 6, a curve ® 
indicates a case where the incident power of the first 
pump light is 1 00 mW and the incident power of the sec- 
ond pump light is 1 1 00 mW, a curve @ indicates a case 
where the incident power of the first pump tight is 150 
mW and the incident power of the second pump light is 
370 mW, and a curve <3) indicates a case where the 
incident power of the first pump light is 200 mW and the 
incident power of the second pump light is 0 mW. From 
this graph, it can be seen that the minimum level of the 
optical signal on the way of the optical fiber can be con- 
trolled by adjusting both powers of the first and second 
pump lights, and, by setting the minimum level to a high 
value, the noise property can be improved. 

(Second embodiment) 

[0041] Now, a Raman amplification method accord- 
ing to a second embodiment of the present invention will 
be explained with reference to Fig. 7. A fundamental 
construction of the second embodiment is similar to that 
of the first embodiment. The difference is that, as shown 
in Fig. 7, the second pump lights (having a wavelength 
of X pg) are inputted not only from the optical signal 
input end 3 but also from the output end 2. Also in this 
case, similar to the first embodiment, the wavelength X 
P2 of the second pump light can be selected to be 
shorter than the wavelength X P1 of the first pump light 
or can be selected to a wavelength shorter than the 
wavelength X P1 of the first pump light by an amount cor- 
responding to Raman shift of the optical fiber 1 (ampli- 
fier fiber 1 ) or can be selected to a wavelength slightly 
deviated from the wavelength shorter than the wave- 
length A, P1 of the first pump light by the amount corre- 
sponding to the Raman shift of the amplifier fiber 1 . 
[0042] When the second pump light (having a 
wavelength of X P2) is also inputted from the optical sig- 
nal output end 2, a degree of freedom in controlling the 
intensity distribution of the first pump light (having a 
wavelength of X P1 ) along the longitudinal direction of 
the optical fiber 1 can be increased, with the result that 
the intensity distribution of the optical signal along the 
longitudinal direction of the optical fiber 1 can easily be 
controlled. As is in the multi-stage relay effected by the 
amplifier of distributed type, in a case where the noise 
property is optimized under a condition that the input 
and output levels of the optical signal are to be regu- 
lated, this method achieves excellent effect. 
[0043] Fig. 8 is a graph showing intensity distribu- 
tion of the optical signal along the longitudinal direction 
of the optical fiber 1 shown in Fig. 7. In this graph, a 
curve a indicates the intensity distribution of the optical 
signal when the optical signal in the optical fiber 1 is 
amplified by a conventional Raman amplification 
method, a curve b indicates the intensity distribution of 



the optical signal when the optical signal is amplified by 
the Raman amplification method according to the first 
embodiment of the present invention, and a curve c indi- 
cates the intensity distribution of the optical signal when 

5 the optical signal is amplified by the Raman amplifica- 
tion method according to the second embodiment of the 
present invention. From this graph, it can be seen that, 
since the minimum level of the optical signal on the way 
of the optical fiber 1 is greater when the Raman amplifi- 

io cation method according to the first embodiment in 
comparison with the conventional amplifying method, 
good noise property can be obtained. Further, when the 
Raman amplification method according to the second 
embodiment is used, the minimum level of the optical 

15 signal is maintained to a higher value in comparison 
with the Raman amplification method according to the 
first embodiment, with the result that the noise property 
is further improved. Also in the Raman amplification 
method according to the first embodiment by adjusting 

20 the intensities of the first and second pump lights, the 
minimum level of the optical signal can be made equal 
to that in the Raman amplification method according to * 
the second embodiment. However, in an example 
shown in Fig. 9, since pump power required in total is 

25 smaller when the Raman amplification method accord- 
ing to the second embodiment is used, more excellent 
efficiency can be obtained. Fig. 9 is a graph showing 
comparison result of optical signal powers between a 
case where the Raman amplification method according 

30 to the first embodiment is used and a case where the 
Raman amplification method according to the second 
embodiment is used. In this graph, a curve a indicates 
the optical signal power when the first pump light is 1 00 
mW and the second pump light is 1100 mW in the 

35 Raman amplification method according to the first 
embodiment, and a curve b indicates the optical signal 
power when the first pump light is 25 mW and the sec- 
ond pump light is 300 mW x 2 in the Raman amplifica- 
tion method according to the second embodiment. 

40 [0044] Fig. 1 0 is a graph showing comparison result 
of the intensity distributions of the optical signal along 
the longitudinal direction of the optical fiber when wave- 
length intervals of the first and second pump lights are 
differentiated under a condition that the input and output 

45 levels and minimum level of the optical signal become 
equal in the Raman amplification method according to 
the second embodiment. In this graph, a curve a indi- 
cates a case where the wavelength X P1 of the first 
pump light is 1450 nm and the wavelength X ^ of the 

so second pump light is 1350 nm (i.e.. when the wave- 
length intervals are Raman shift), and a curve b indi- 
cates a case where the wavelength X P1 of the first 
pump light is 1450 nm and the wavelength X ^ of the 
second pump light is 1325 nm (i.e.. when the wave- 

55 length intervals are deviated from Raman shift). From 
the graph, it can be seen that the maximum level of the 
optical signal can be reduced by deviating the wave- 
length intervals of the first and second pump lights from 
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the Raman shift, thereby reducing the deterioration of 
the transmission property due to non-linearity in the 
optical fiber. The reason is that, since the gain coeffi- 
cient to which the first pump light is subjected becomes 
small, the intensity distribution of the first pump light 5 
along the longitudinal direction of the optical fiber 
becomes gentle, with the result that the intensity distri- 
bution of the optical signal along the longitudinal direc- 
tion cf the optical fiber also becomes gentle. Fig. 11 is a 
graph showing the intensity distribution of the first pump 10 
light under the condition shown in Fig. 10. In this graph, 
a curve a indicates the intensity distribution of the first 
pcmp light when the wavelength X P1 of the first pump 
light is 1450 nm and the wavelength X p2 of the second 
pump light is 1350 nm, and a curve b indicates the 75 
intensity distribution of the first pump light when the 
wavelength X Pl of the first pump light is 1450 nm and 
the wavelength X pg of the second pump light is 1325 
nm From this graph, it can be seen that the intensity 
distribution of :he first pump light along the longitudinal 20 
direc*»or of me optical fiber becomes gentle by deviating 
the waw»ength intervals of the first and second pump 
itgnts frcm trie Raman shift. 

[004$) n me Raman amplification method accord- 
ing to tre second embodiment, while an example that 25 
the seccnd pump lights having the same wavelength (X 
i> ? ) a-e inputted from the optical signal input end 3 and 
opt>cai signal output end 2 was explained, it is not nec- 
essary that two second pump lights inputted from the 
optical signal input end 3 and optical signal output end 30 
2 have the same wavelength and/or the same power. 
Such wavelength and/or power can be appropriately 
adjusteo m accordance with the intensity distribution of 
the optical signal to be achieved along the longitudinal 
direction of the optical fiber. 35 

(Third embodiment) 

[0046] A Raman amplification method according to 
a third embodiment of the present invention will now be 40 
explained with reference to Fig. 12. A fundamental con- 
struction of the third embodiment is similar to that of the 
second embodiment. The difference is that, as shown in 
Fig. 12. the first pump fights (having a wavelength of X 
Pl ) are inputted not only from the optical signal output 45 
end 2 but also from the input end 3. Also in this case, 
similar to the first and second embodiments, the wave- 
length X P2 of the second pump light can be selected to 
be shorter than the wavelength X P1 of the first pump 
light or can be selected to a wavelength shorter than the so 
wavelength X P1 of the first pump light by an amount cor- 
responding to Raman shift of the optical fiber 1 (ampli- 
fier fiber 1 ) or can be selected to a wavelength slightly 
deviated from the wavelength shorter than the wave- 
length X P1 of the first pump light by the amount corre- 55 
sponding to the Raman shift of the optical fiber 1 . 
[0047] When the first pump light (having a wave- 
length of X P1 ) is also inputted from the optical signal 



input end 3, since the intensity distributions of the first 
pump light (having a wavelength of X P1 ) and the second 
pump light (having a wavelength of X p^) along the lon- 
gitudinal direction of the optical fiber can be made more 
uniform, a condition near the non-loss transmission line 
is apt to be realized. However, since the first pump light 
is propagated in the same direction as the optical signal, 
it is required that the light source for the first pump light 
inputted from the input end 3 be constituted by a semi- 
conductor laser having less intensity noise and the like. 
[0048] Fig. 13 shows a conventional arrangement 
nearest to the Raman amplification method according to 
the third embodiment. In the Raman amplification 
method shown in Fig. 13, similar to the Raman amplifi- 
cation method according to the third embodiment of the 
present invention, since the first pump light is propa- 
gated in the same direction as the optical signal, it is 
required that the light source for the first pump light 
inputted from the input end 3 be constituted by a semi- 
conductor laser having less intensity noise and the like. 
[0049] Fig. 14 is a graph showing intensity distribu- 
tion of the optical signal along the longitudinal directi6n 
of the optical fiber 1 when the conventional Raman 
amplification method is used and when the Raman 
amplification method according to the second embodi- 
ment is used and when the Raman amplification 
method according to the third embodiment is used, 
respectively. Incidentally, in any cases, the power of the 
pump light is optimized so that the level variation width 
of the optical signal becomes minimum. As apparent 
from this graph, by using the Raman amplification 
method according to the third embodiment of the 
present invention, the level variation width of the optical 
signal in the longitudinal direction of the optical fiber 1 
can be reduced considerably. 

[0050] Fig. 15 is a graph showing the intensity dis- 
tribution of the first pump light along the longitudinal 
direction of the optical fiber 1 under the condition shown 
in Fig. 14. From this graph, it can be seen that the rea- 
son why the level variation of the optical signal is small 
in the Raman amplification method according to the 
third embodiment is that the level variation of the first 
pump light is small. 

[0051 ] Ftg. 1 6 is a graph showing comparison of dif- 
ference in relay distance when the level variation widths 
of the optical fiber are set to be substantially the same. 
From this graph, it can be seen that, in order to realize 
the variation width same as the level variation width 
(Fig. 14) of the optical signal realized in the Raman 
amplification method according to the third embodi- 
ment, the relay distance must be shortened to 20 km in 
the conventional Raman amplification method and be 
shortened to 25 km in the Raman amplification method 
according to the second embodiment. 

(Fourth embodiment) 

[0052] In order to optimize the noise property, it is 
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desirable to achieve high output of the pump light of the 
Raman amplifier and it is advantageous that the power 
ranges of the first and second pump lights are great. In 
this case, one or both pump fights can be obtained from 
a wavelength division multiplexing pump light source 
constituted by a pumping semiconductor laser having a 
plurality of oscillating wavelengths (for example, refer to 
"Electronics Letters", vol. 34, pp. 2145-2146, written by 
Y. Emori et al and published in 1998). When such a 
pump source is used, it is required that the wavelength 
of the pump source be selected so that the peak wave- 
length of gain coincides with the wavelength of the opti- 
cal signal. For example, when a pump source 
multiplexing wavelengths 1435 nm, 1450 nm, 1465 nm 
and 1480 nm is used, since the gain peak wavelength is 
located in the vicinity of the wavelength of 1570 nm, it is 
so set that the wavelength of the optical signal is 
included within such wavelength band. 
[0053] When the wavelength division multiplexing 
pump source is used, there arises a phenomenon in 
which the effective gain coefficient is changed in the lon- 
gitudinal direction of the optical fiber. Regarding this, 
although the gain coefficient in the optical signal wave- 
length becomes the sum of coefficients based on the 
respective pump lights, since attenuation ratios of the 
respective pump lights are different, the performance 
will differ from that when the multiplexing is not effected. 
The reason why the attenuation ratios are different is 
based upon the wavelength dependency of the loss 
coefficient and Raman amplification effect between the 
pump lights. Accordingly, by appropriately selecting the 
wavelengths to be multiplexed, the distribution of the 
gain coefficient along the longitudinal direction of the 
optical fiber can be controlled. 

(Fifth embodiment) 

[0054] When the wavelength division multiplexing 
pump light is used as the first pump light for Raman- 
amplifying the optical signal, since the Raman effects 
are generated between the respective pump lights, the 
attenuation ratio of the pump light having short wave- 
length becomes greater than that of the pump light hav- 
ing long wavelength (refer to "Photonics Technology 
Letters", pp. 530-532, vol. 1 1 , Fig. 5, written by H. Kidorf 
et al). Thus, the noise property of the wavelength band 
to which the gain is subjected from the pump light hav- 
ing short wavelength is worsened more than the wave- 
length band to which the gain is subjected from the 
pump light having long wavelength. For example, if a C- 
band (1530-1565 nm) and an L-band (1570-1610 nm) 
are Raman-amplified simultaneously, although pump 
light having wavelength near 1 450 nm and pump light 
having wavelength near 1490 nm are used, due to the 
Raman effect between the pump lights, the attenuation 
ratio of the pump light having wavelength of about 1450 
nm becomes greater than the other, with the result that 
the noise property of the C-band becomes worse more 



than that of the L-band. In this case, by setting the 
wavelength of the second pump light so that the gain for 
the pump light having wavelength of about 1450 nm 
becomes greater than the gain for the pump light having 

5 wavelength of about 1490 nm, effect for improving the 
noise property of the C-band can be greater than effect 
for improving the noise property of the L-band. As a 
result, it is possible to eliminate a difference in noise 
property between the C-band and the L-band. 

io [0055] As shown in Fig. 17, by selecting the wave- 
length of the second pump light to a wavelength slightly 
shorter than the wavelength shorter than 1450 nm by 
the amount corresponding to the Raman shift of the 
amplifier fiber, the gain to which the pump light having 

15 the wavelength of 1490 nm is subjected becomes 
smaller than the gain to which the pump light having the 
wavelength of 1450 nm is subjected (refer to Fig. 18). 
Further, in the Raman amplifier using the wavelength 
division multiplexing pump source, by appropriately 

20 selecting the wavelength interval and wavelength 
arrangement, any gain shape can be realized. Accord- 
ingly, by using the wavelength division multiplexing c 
pump source for the second pump light, the gain shape 
for wavelength of the first pump light can be set freely, 

25 with the result that the wavelength dependency of the 
noise property of the signal band amplified by the first 
pump light can be controlled. Fig. 1 9 shows an example 
of the gain shape for the wavelength of the first pump 
light when the wavelength division multiplexing pump 

30 source is udsed for the second pump light. In Fig. 19, 
the difference in gain between the pump light having the 
wavelength of 1450 nm and the pump light having the 
wavelength of 1490 nm is further reduced. In particular, 
when the first pump light is multiplexed with relatively 

35 narrow wavelength interval (for example, about 15 nm), 
if the gain shape can be adjusted by the second pump 
light, the wavelength dependency of the noise property 
of the signal band can be controlled more minutely. The 
reason is that the gain profile of the signal band is com- 

40 prised of the sum of gain profiles obtained from the plu- 
ral pump lights. 

(Sixth embodiment) 

45 [0056] In order to suppress the level variation of the 
optical signal, the level variation of the first pump light 
may be minimized as less as possible. In the conven- 
tional Raman amplification method, the level variation of 
the first pump light was caused by the propagation loss 

so and could not be controlled. In the embodiments of the 
Raman amplification method of the present invention 
described above, the level variation of the first pump 
light is more reduced than the conventional method, by 
using the Raman gain to which the first pump light is 

55 subjected from the second pump light thereby to 
change the effective loss of the first pump light along the 
longitudinal direction of the optical fiber. However, the 
level variation of the second pump light is still based 
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upon the propagation loss and, therefore, cannot be 
controlled. In a six embodiment of the present invention, 
by introducing third pump light for Raman-amplifying the 
second pump light, the level variation of the second 
pump light can be further reduced, with the result that 
the level variation s of the first pump light and the optical 
signal can be expected to be reduced. 

(Seventh embodiment) 

[0057] As well-known fact, it is known that the 
soliton in the non-loss optical transmission line can 
maintain its wave form not only in a case where the 
wavelength of the optical signal is single but also in case 
of the wavelength division multiplexing system (for 
example, refer to "Soliton propagation in long fibers with 
periodically compensated loss, Journal of Quantum 
Electronics*, vol. QE-22. No. 1 , written by L.R Mollena- 
uer et al and published in 1986). Further, in case of 
soliton having single wavelength, even in the transmis- 
sion line having loss, it has been proved theoretically 
and experimentally that the transmission can be 
effected as soliton so long as the loss is compensated 
by optical direct amplification (for example, refer to 
"Numerical study of optical solution transmission ampli- 
fied periodically by the stimulated Raman process, 
Applied Optics", Vol. 23, No. 19, pp. 3302-3309, written 
by A. Hasegawa and published in 1984, "Experimental 
demonstration of solution propagation in long fibers: 
loss compensated by Raman gain, Optics Letters', Vol. 
10, No. 5, pp. 229-231, written by L.R Mollenauer et al 
and published in 1985, and U.S. Patent No. 4558921). 
In the past, although it was considered that this is pos- 
sible even in the wavelength division multiplexing sys- 
tems (for example, refer to Japanese Patent No. 
2688350 and "Wavelength division multiplexing with 
solutions in ultra-long distance transmission using 
lumped amplifiers, Journal of Lightwave Technology", 
Vol. 9, No. 3, written by L.R Mollenauer et al and pub- 
lished in 1991), later, it has been proved that, in the 
wavelength division multiplexing systems, the soliton 
communication cannot be realized so long as the proper 
setting is not effected (for example, refer to "Pseudo- 
phase- matched four- wave mixing in solution wave- 
length-division multiplexing transmission, Optics Let- 
ters", Vol. 21 , No. 6, written by RV. Mamyshev et al and 
published in 1996). Further, as one of solitons, there is 
a technique called as "dispersion compensated soliton" 
which has widely been used because practical wave- 
length division multiplexing transmission is possible. 
However, unlike to the pure soliton, since the pulse 
broadening is generated on the way of the propagation, 
non-linear effect generated due to forward and back- 
ward overlapping of bits causes non-reversible wave 
form distortion. 

[0058] Some known literatures describe that the 
pure wavelength division multiplexing soliton communi- 
cation is possible by using an optical transmission line in 
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which dispersion is reduced in accordance with loss of 
the optical transmission line. However, such a method is 
hard to be put to a practical use since not only existing 
optical transmission lines cannot be utilized but also 
5 control of the dispersion of the optical transmission line 
is complicated and difficult. 

[0059] On the other band, it is expected that the 
pure wavelength division multiplexing soliton can be 
propagated by realizing an optical transmission line 

70 very similar to the non-loss transmission line by using 
distributed amplification such as Raman amplification. 
However, since it was required that the pump sources 
be installed with relatively short distance or interval in 
order to realize such an optical transmission line at the 

75 conventional technical level, this was not practical. As 
mentioned above, by using the Raman amplification 
method according to the present invention, the optical 
transmission line more resemble to the non-loss trans- 
mission line can be realized through longer distance, in 

20 comparison with the conventional techniques. Accord- 
ingly, in the wavelength division multiplexing soliton 
communication using this optical transmission line, it Is 
expected that transmission property is improved greatly 
in comparison with the conventional communications. 

25 Fig. 20 shows an embodiment of a wavelength division 
multiplexing soliton communication system using the 
optical transmission line to which the Raman amplifica- 
tion method according to the third embodiment of the 
present invention is applied. In this system, since the 

30 maximum distance of a transmission line section is 
determined by selecting bow extent the optical trans- 
mission line is resembled to the non-loss transmission 
line, i.e., how amount the allowable value of the level 
variation of the optical signal is given, each section is 

35 formed with shorter distance and the entire method is 
constructed by interconnecting plural sections. 

Industrial Availability 

40 [0060] The first Raman amplification method 
according to the first aspect of the present invention 
achieves the following effects: 

(?) Since the first and second pump light exist 
45 simultaneously in the amplifier fiber, the first pump 
lights is subjected to Raman amplification from the 
second pump light. Thus, in comparison with the 
case where there is no second pump light, the 
intensity of the first pump light becomes greater in 
so the vicinity of the optical signal input end, with the 
result that the deterioration of the S/N ratio at the 
signal input side is suppressed, thereby improving 
the noise properties of the transmission system and 
the amplifier. 

55 @ The noise property can be optimized by property 
selecting the power division, wavelength interval 
and pumping scheme of the first and second pump 
lights in accordance with the length of the amplifier 
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fiber and the attenuation constants of the optical 
signal and the pump lights and by voluntarily con- 
trolling the intensity distribution (along the longitudi- 
nal direction) of the first pump light for Raman- 
amplifying the optical signal. 

® Since the second pump light is inputted from the 
optical signal input end, the intensity of the second 
pump light in the vicinity of the optical signal input 
end can be made greater in comparison with the 
case where the second pump light is inputted from 
the optical signal output end. Accordingly, the gain 
to which the first pump light is subjected from the 
second pump light in the vicinity of the optical signal 
irput end can be increased efficiently, thereby 
improving the noise property of the Raman ampli- 
fier efficiently. 

[0061] In the second Raman amplification method 
according to the second aspect, the following effect can 
be acnteved as well as the above effects.. That is to say, 
sire* The s^onrt pump light is also inputted from the 
optical R>gnai output end, the degree of freedom when 
the mrensfty distribution of the first pump light along the 
lorgrtjdinai direct on of the optical fiber is controlled is 
increased, with the result that the intensity distribution of 
the optical s»grai along the longitudinal direction of the 
optical fiber can easily be controlled. Under the condi- 
tion that the input and output levels of the optical signal 
are regulated (as 6 tn the multi-stage relay of the ampli- 
fier o' distributed type), it is effective to optimize the 
noise property. 

[0062] In the third Raman amplification method 
according to the third aspect, the following effects can 
be acnieved. as well as the effects of the second Raman 
amplification method: 

© Since tne first pump light for Raman-amplifying 
the optical signal is also inputted from the optical 
signal input end of the amplifier fiber, the intensity of 
the first pump light in the vicinity of the optical signal 
input end can easily be increased, in comparison 
with the first and second Raman amplification 
methods. Thus, the noise property of the Raman 
amplifier can be improved more efficiently. 
© Since the first and second pump lights are input- 
ted from both optical signal input and output ends, 
the intensity distribution of the first pump light can 
be made more uniform along the longitudinal direc- 
tion of the optical fiber, in comparison with the first 
and second Raman amplification methods. Thus, 
the condition resemble to the non-loss transmission 
line can be easily realized. 

[0063] In the fourth Raman amplification method 
according to the fourth aspect, the following effect can 
be achieved, as well as the effects of the first to third 
Raman amplification methods. That is to say, since the 
second pump light has the wavelength shorter than the 
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wavelength of the first pump light by the amount corre- 
sponding to the Raman shift of the amplifier fiber, the 
Raman gain to which the first pump light is subjected 
from the second pump light becomes maximum, 

5 thereby improving the noise property efficiently. 

[0064] In the fifth Raman amplification method 
according to the fifth aspect, the following effect can be 
achieved, as well as the effects of the first to third 
Raman amplification methods. That is to say, since the 

w Raman amplification band of the second pump light is 
not overlapped with the wavelength band of the optical 
signal, the unevenness of the intensity of the second 
pump light propagated in the same direction as the opti- 
cal signal is not overlapped with the signal wave form, 

15 with the result that the noise is hard to be generated and 
the propagation property is enhanced. 
[0065] In the sixth Raman amplification method 
according to the sixth aspect, since the wavelength of 
the second pump light is selected to the wavelength 

20 slightly deviated from the wavelength shorter than the 
wavelength of the first pump light by the amount corre- 
sponding to the Raman shift of the amplifier fiber, the 
gain coefficient of the Raman gain to which the first 
pump light is subjected from the second pump light can 

25 be reduced voluntarily. By utilizing this means, since the 
degree of freedom when the intensity distribution of the 
first pump light along the longitudinal direction of the 
optical fiber is controlled is increased, the noise prop- 
erty can easily be optimized even under the condition 

30 that the input and output levels of the amplifier are reg- 
ulated. 

[0066] In the seventh Raman amplification method 
according to the seventh aspect, since the multiplex 
light source is used for one or both of the first and sec- 

35 ond pump lights, pump lights having high output can be 
obtained, which is convenient to optimize the noise 
property. Particularly when the wavelength division mul- 
tiplexing pump source comprised of plural wavelengths 
is used for the first pump light, by properly selecting the 

40 wavelength of the second pump light, the wavelength 
dependency of the noise property of the optical signal 
can also be controlled. Further, when the wavelength 
division multiplexing pump source is used for the sec- 
ond pump light, the wavelength dependency of the 

45 noise property of the optical signal can be controlled 
more freely. 

[0067] In the eighth Raman amplification method 
according to the eighth aspect, since the semiconductor 
laser is used for the light source of the first pump light, 

so the following effect can be achieved. When the first 
pump light and the optical signal are propagated in the 
same direction, the unevenness of intensity of the pump 
light is overlapped with the unevenness of the gain and 
the overlapped unevenness is overlapped with the opti- 

55 cal signal to generate the intensity noise of the optical 
signal, thereby deteriorating the propagation property. 
However, in general, since the semiconductor laser has 
less intensity unevenness, such intensity noise can be 
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suppressed. 

[0068] In the ninth Raman amplification method 
according to the ninth aspect, since the third pump light 
is introduced into the transmission line to Raman- 
amplify the second pump light thereby reduce the effec- 5 
tive propagation loss of the second pump light, in com- 
parison with the case where the third pump light is not 
inputted, the level unevenness of the second pump light 
along the longitudinal direction is reduced, and, thus, 
the level unevenness of the first pump light and the opti- w 
cal signal along the longitudinal direction can also be 
reduced. Accordingly, the condition more resemble to 
the non-loss transmission line in which the intensity of 
the optical signal is uniform in the propagating direction 
can be realized. 75 
[0069] In the first optical signal transmission 
method according to the present invention, since the 
deterioration of the S/N ratio and the wave form deterio- 
ration due to the non-linear effect can be relaxed simul- 
taneously by propagating the optical signal in the 20 
longitudinal direction of the optical transmission line 
with substantially constant level by using one of the first 
to ninth Raman amplification methods, the optical com- 
munication method having transmission property supe- 
rior to the conventional property can be realized. 25 
[0070] In the second optical signal transmission 
method according to the present invention, the following 
effects can be achieved, as well as the effect obtained 
by the first optical signal transmission method: 

30 

© In order to permit the wavelength division multi- 
plexing transmission by using the pure soliton, it is 
required to use the transmission line in which dis- 
persion is reduced in accordance with the loss of 
the transmission line. The reason is that the disper- 35 
sion of the transmission line must have a value in 
accordance with the peak power of the soliton pulse 
in order to maintain the soliton wave form. On the 
other hand, in the optical signal transmission 
method according to the present invention, since 40 
the optical signal is propagated in the longitudinal 
direction of the optical transmission line with sub- 
stantially constant level by using one of the first to 
ninth Raman amplification methods, it is not 
required that the dispersion of the transmission line 45 
be changed. This means that the pure wavelength 
division multiplexing soliton communication can be 
achieved by using the existing transmission line 
which could not achieve such communication. 
(2> As one of solitons, there is a technique called as 50 
"dispersion compensated soliton" capable of 
achieving the practical wavelength division multi- 
plexing transmission. Although this technique is 
strong to change in peak power of the soliton pulse 
in comparison with the pure soliton, also regarding 55 
this technique, it is desirable that the level of the 
optical signal is maintained to substantially con- 
stant along the longitudinal direction of the trans- 
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mission line. Accordingly, the optical signal 
transmission method according to the present 
invention is effective to this technique. 

Claims 

1. A Raman amplification method utilizing Raman 
scattering within an optical fiber, wherein: 

first pump light for Raman-amplifying optical 
signal is inputted from an optical signal output 
end of an amplifier fiber and second pump light 
having a wavelength shorter than that of the 
first pump light and adapted to Raman-amplify 
the first pump light is inputted from an optical 
signal input end of said optical fiber. 

2. A Raman amplification method according to claim 

1, wherein the second pump light is also inputted 
from said optical signal output end of said amplifier 
fiber. 

3. A Raman amplification method according to claim 

2, wherein the first pump light is also inputted from 
said optical signal input end of said amplifier fiber. 

4. A Raman amplification method according to any 
one of claims 1 to 3, wherein the second pump light 
has a wavelength shorter than a wavelength of the 
first pump light by an amount corresponding to 
Raman shift of said amplifier fiber. 

5. A Raman amplification method according to any 
one of claims 1 to 3, wherein a Raman amplifying 
band of the second pump light is not overlapped 
with a wavelength band of the optical signal. 

6. A Raman amplification method according to any 
one of claims 1 to 3, wherein a wavelength of the 
second pump light is slightly deviated from a wave- 
length shorter than a wavelength of the first pump 
light by an amount corresponding to Raman shift of 
said amplifier fiber. 

7. A Raman amplification method according to any 
one of claims 1 to 6, wherein one or both of the first 
and second pump lights is used as a wavelength 
division multiplexing pump source constituted by a 
plurality of wavelengths. 

8. A Raman amplification method according to any 
one of claims 1 to 7, wherein a semiconductor laser 
is used for the light source of the first pump light. 

9. A Raman amplification method according to any 
one of claims 1 to 8, wherein third pump light is 
introduced into an optical transmission line to 
Raman-amplify the second pump light 
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10. An optical signal transmission method wherein: 

an optical signal is propagated while maintain- 
ing a level of the optical signal to substantially 
constant in a longitudinal direction of an optical s 
transmission line by using the Raman amplifi- 
cation method according to any one of claims 1 
to 9. 



1 1 . An optical signal transmission method according to 10 
claim 10, wherein a soliton signal wavelength of 
which is multiplexed is used as the optical signal. 
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